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ABSTRACT 

The life cycle of the population of interstellar polycyclic aromatic hydrocarbon (PAH) 
molecules depends partly on the photostability of the individual species. We have studied the dis¬ 
sociative photoionization of two ethynyl-substituted PAH species, namely, 9-ethynylphenanthrene 
and 1-ethynylpyrene. Their adiabatic ionization energy and the appearance energy of frag¬ 
ment ions have been measured with the photoelectron photoion coincidence (PEPICO) spec¬ 
troscopy technique. The adiabatic ionization energy has been found at 7.84 ± 0.02 eV for 9- 
ethynylphenanthrene and at 7.41 ± 0.02 eV for 1-ethynylpyrene. These values are similar to those 
determined for the corresponding non-substituted PAH molecules phenanthrene and pyrene. The 
appearance energy of the fragment ion indicative of the loss of a H atom following photoionization 
is also similar for either ethynyl-substituted PAH molecule and its non-substituted counterpart. 
The measurements are used to estimate the critical energy for the loss of a H atom by the PAH 
cations and the stability of ethynyl-substituted PAH molecules upon photoionization. We con¬ 
clude that these PAH derivatives are as photostable as the non-substituted species in H I regions. 
If present in the interstellar medium, they may play an important role in the growth of interstellar 
PAH molecules. 

Subject headings: astrochemistry — ISM: molecules — molecular data — molecular processes 


1. Introduction 

1700 K through the hydrogen-abstraction-C^H^- 


addition (HACA) mechanism 

Frenklach et al. 

The existence of interstellar polycyclic aromatic 

1985 

: Frenklach & Feigelson 19891 

Cherchneff et a . 

hydrocarbon (PAH) molecules has been inferred 

199^ 

; Wang & Frenklach 1994 C 

lerchneff & Cau 

from the observation of infrared emission bands 

1999 

). Experiments with the pyrolysis of small hy- 

(Leger & Puget 1984 Allamandola et al. 19851). 

It has been proposed that PAH molecules, be¬ 
fore being blown into the interstellar medium 
(ISM), are formed in the envelope of carbon- 
rich stars at temperatures in the range 900- 

UVAM nr uxxv. oxxvx vv n 

that temperatures lower than 1800 K are required 
for an efficient condensation of the pyrolysis prod¬ 
ucts into PAH molecules, presumably through 
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HACA ( Jager et al. 2007 . 20091) . In the various 


regions of the ISM, where temperatures are lower 
than 100 K, free-flying PAH molecules are thought 
to be formed through the destruction of carb ona- 
ceous grains in shocks (see lChiar et al.ll2013l and 
references therein). Additionally, despite the low 
temperatures, PAH species could grow through 
a series of chemical reactions that require little 
or no activation energy. Accordingly. iMebel et al.l 
( 20081) have introduced the ethynyl addition mech¬ 


anism (EAM), which is barrier less with regard 
to activation energy, as a means to form PAH 
molecules in cold gas-phase environments, includ¬ 
ing the conditions of the ISM. 

Ethynyl-substituted PAH species appear as in¬ 
termediates in the HACA mechanism and the 
EAM as well. Thus they may be present in 
the ISM, either as species ejected from stellar 
envelopes before their transformation into reg¬ 
ular PAH molecules or as intermediates formed 
locally. The HACA mechanism has been stud¬ 
ied as a formation process of PAH species by 


taking into accc 
in stellar cnvelo 

mnt the conditions that 

prevail 

pes (Frenklach & Feieelson 

198$ 

Cherchneff et al. 

199)1 Cherchneff & Cau 

1999f). 


The EAM, however, has yet to be evaluated as 
an interstellar growth process, i.e., with regard 
to the abundance of the ethynyl radical (C 2 H) 
and considering the competition with destruction 
mechanisms, especially photofragmentation. Rel¬ 
atively high amounts of C 2 H have been found 
in the I SM (Tucker et al. 1 9741). in diffuse clouds 


1 11 bllC XkJIVA _L U.C1VCT UU Cll. JL I , 111 U.1 1 1 U.OC C1U UU> 

( Lucas fe Lisztll200(? Gerin et al.12011 : iLiszt et al 


Ohishi et al 


20121) . in translucent clouds (ITurner et al. I200C 
certain dark clouds (iWootten et al.l Il980t 
1992), in circumstellar envelopes 
1984), in protoplanetary disks 


(Huggins et al 


(IHenning et al 


2010). and i n massive star-forming 


regions dBeuther et alJl2008l ). On the other hand, 
the photostability of ethynyl-substituted PAH 
molecules has yet to be experimentally charac¬ 
terized. 

( 19991 ) carried out laboratory 


Jochims et al 


measurements on the photostability of several 
PAH molecules. While the set of substances in¬ 
cluded methyl-, vinyl-, and phenyl-substituted 
species, it did not contain ethynyl derivatives. 
Nevertheless, they defined a structure-dependent 
index of photostability that allowed them to com¬ 
pare the behavior of substituted PAH molecules 


with that of regular ones. The latter comprise 
exclusively fused, six-membered aromatic carbon 
cycles. They found that while a regular PAH 
would survive in H I regions, its substituted coun¬ 
terparts would undergo fragmentation in the same 
UV radiation field. This could suggest that the 
ethynyl derivatives would not survive in H I re¬ 
gions, in contras t with our expecta t ion th at they 
are photostable ( Rouille et al.ll2012l l2(n 3t). 

The possible presence of ethynyl-substituted 
PAH molecules in the ISM and the lack of 
data concerning their photostability called for 
an experimental study. We present here lab¬ 
oratory measurements on the dissociative pho¬ 
toionization of two ethynyl-substituted PAH 
species, 9-ethynylphenanthrene (CigHio) and 1- 
ethynylpyrene (Ci 8 H 10 ). The pho tostab ility in¬ 
dex R as defined bv I Jochims et al.l ( 19991) can be 
derived from few experimental data, namely, the 
adiabatic ionization energy, the appearance en¬ 
ergy of the singly dehydrogenated fragment ion, 
and the internal thermal energy of the parent 
ion. Their values have been determined in pho¬ 
toelectron photoion coincidence (PEPICO) spec¬ 
troscopy experiments and, after deriving the value 
of R for both ethynyl-substituted PAH species, we 
conclude that they are as photostable as the non- 
substituted molecules. 

2. Experimental details 

The experime nts were carr i ed ou t at the beam¬ 
line DESIRSO] dNahon et al. 2012 ) of the syn¬ 
chrotron SOLEIlJI This beamline delivers pho¬ 
tons with an energy in the range 5-40 eV, 
thus covering the VUV wavelength domain. 
Photons at chosen energies were used to pho- 
toionize PAH species in a molecular beam pro¬ 
duce^ with the vac uum apparatus SAPHIRfjf] 
( Richard-Viard et al. 1996i ). The photoelectrons 


and the photoions - parents and fragments - were 
analyzed using the double-imaging PEPICO spec - 
trometer DELICIOUS III ( Garcia et al.l 12013 ). 
Briefly, it consists of a velocity-map-imaging 
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(VMI) electron analyzer and a modified Wiley- 
McLaren ion imaging spectrometer operated in 
coincidence. The coincidence treatment provides 
photoelectron images that can be tagged by their 
corresponding ion mass and ion translational en¬ 
ergy. From these images, photoelectron spectra 
can be obtained from all the masses in the molecu¬ 
lar beam simultaneously. The energy of the VUV 
radiation was calibrated using the photoioniza¬ 
tion of N 2 (X 1 S+) int o N^(B 2 E+) as a reference 
( Innocenti et all 201 .'ill . 


We used samples of phenanthrene (C 14 H 10 , 
Aldrich, purity >99.5%), 9-ethynylphenanthrene 
(Ci 6 Hi 0 , Aldrich, purity 97%), pyrene (Ci 6 Hi 0 , 
Aldrich, purity 99%), and 1-ethynylpyrene (CisHio, 
abcr, purity 96%), as received, without undertak¬ 
ing a further purification. 


In each experiment, the sample powder was 
heated in an oven placed in the source chamber 
of SAPHIRS, so as to increase its vapor pressure 
up to a useful level. The oven temperature was 
383 K for phenanthrene, 493 K for pyrene, up 
to 443 K for 9-ethynylphenanthrene (413 K for 
energy-dependent breakdown measurements and 
443 K for photoelectron spectroscopy measure¬ 
ments; see below in this Section), and 403 K for 
1-ethynylpyrene. In order to prevent its obstruc¬ 
tion by condensing sample vapor, the nozzle was 
heated to a temperature 10 K higher than that 
of the oven. The phenanthrene and pyrene pow¬ 
ders were poured in a stainless-steel boat that was 
inserted into the oven in a free fit. A sufficient 
amount of the 9-ethynylphenanthrene sample was 
transferred into the gas phase by following the 
same procedure, although most of the substance 
polymerized and remained in the oven. In the 
case of 1 -ethynylpyrene, however, it was necessary 
to finely ground the sample in a mortar; the fine 
powder was dispersed in a ball of ultrafine glass 
wool, which was placed in the boat in the oven. 
Increasing the surface area of the sample improved 
the transfer of molecules into the gas phase, allow¬ 
ing us to work with a lower oven temperature and 
for a longer time with the same sample load. 

In the oven, the PAH molecules diffused in 
an atmosphere of helium gas (Air Liquide, purity 
>99.999%) provided with a backing pressure of 0.5 
to 1 bar. The mixed vapor leaked out of the oven 
through a nozzle 70 /im in diameter, producing 
a continuous, supersonic jet in the source cham¬ 


ber. This chamber is the first of the three differ¬ 
entially pumped vacuum chambers of SAPHIRS, 
which communicate by means of skimmers 1 mm 
in diameter. The jet and the skimmers separat¬ 
ing the chambers were aligned so as to produce a 
molecular beam of He atoms and PAH molecules. 
In the third chamber, the molecular beam crossed 
the synchrotron radiation beam in the ionization 
volume of the PEPICO spectrometer. 

Adiabatic ionization energies were obtained 
from the mass-selected photoelectron images 
recorded at a fixed photon energy of 9 eV. The 
proximity of this energy to the ionization thresh¬ 
old of the molecules led to the production of slow 
electrons and the possibility to lower the extrac¬ 
tion field to 90 V cm -1 with the consequent g ain in 
kinetic energy resolution ( Garcia et al .1201 31) . The 
corresponding mass-selected photoelectron spec¬ 
tra were obtained from the images applying the 


pBasex algorithm for Abel inversion ( Garcia et al 


20041) . A gas filter upstream the monochromator 
was filled with Kr to effectively cu t off t he high 
harmonics of the undulator ( Mercier et al .1 20001 . 
For these measurements, the photoelectrons and 
ions were counted during 6483 s for phenanthrene, 
3627 s for 9-ethynylphenanthrene, and 18 034 s for 
1 -ethynylpyrene. 


The appearance energy of the ion fragments in¬ 
dicative of dissociative photoionization was mea¬ 
sured by varying the photon energy from 15 to 
20 eV with a step of 0.1 eV. The gas filter was 
not used for these measurements as the high har¬ 
monics were not transmitted by the optics. At 
each energy the ion signal was integrated for 180 s 
for all masses simultaneously. In the case of 1- 
ethynylpyrene, two sets of measurements were av¬ 
eraged to improve the signal-to-noise ratio. In 
this kind of experiments, the extraction field of 
the spectrometer was set to provide full transmis¬ 
sion for all the electrons and ions present in the 
sample. All the data were corrected for false co¬ 
incidences and normalized for the incident photon 
flux as measured by an IRD AXUV100 photodi¬ 
ode. 


3. Results 

3.1. Adiabatic ionization energies 

The adiabatic ionization energies of phenan¬ 
threne, 9-ethynylphenanthrene, and 1-ethynylpyrene 
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have been determined by analyzing photoelectron 
spectra. These spectra were extracted from the 
electron images obtained in the PEPICO measure¬ 
ments carried out with a fixed photon energy equal 
to 9 eV. The spectra are shown in Figure [T] and 
the experimental ionization energies are given in 
Table [U As detailed below, the ionization energy 
of pyrene was taken from the literature. 


We have measured the adiabatic ionization en¬ 
ergy of phenanthrene to demonstrate the cali¬ 
bration of the spectrometer as described in Sec¬ 
tion [2] We found this energy at 7.88 ± 0.02 eV, 
in agreement with the various values reported in 
the literature, which were determined with differ¬ 
ent techniques: 7.86 ± 0.10 eV ( Boschi et al ■ ilml 
photoelectron spectr oscopy), 7.90 ± 0.01-0.03 eV 
( Jochims et al.lll994l photoion mass spectrometry, 
fully deu terated p henanthrene), 7.903 ± 0.005 eV 
dThantu fc Webeilll993[ reson ant t wo-p hoton ion¬ 


ization), 7.8914 eV (IHager fc Wallacelll988L two- 
laser ioni zation mass spectro metry), and 7.87 ± 
0.02 eV ( Gotkis et al.l ll993L time-resolved pho¬ 


toionization mass spectrometry, TPIMS). 

As the adiabatic ionization energy we have ob¬ 
tained for phenanthrene is in agreement with the 
values reported in the literature, we have adopted 
for the ionization energy of pyrene the most re¬ 
cent value of 7.415 ± 0.010 eV tha t was deter- 
mined in a PEPICO experiment (jMaver et al 


2011). It is consiste nt with other reports: 7.41 eV 
1972L photo electro n spec- 
0.01-0.03 eV (Jochims et al 


(jBoschi & Schmidt 
troscopy), 7.45 ± 

Il994l pho toion mass spectr ometry), 7.4251 ± 
0.0009 eV ( Zhang et alJl 201 oL coupled resonance- 
enhanced multiphoton ionization and zero kinetic 
energy photoelectron spectroscopies, REMPI- 
ZEKE, value obtained by conversi on of 59 888 ± 
7 cm -1 ), and 7.4256 eV ( Hager fc Wallace! 1988 . 
two-laser ionization mass spectrometry). 


For 9-ethynylphenanthrene and 1-ethynylpyrene, 
the adiabatic ionization energies were found at 
7.84 ± 0.02 eV and 7.41 ± 0.02 eV, respec¬ 
tively. Thus the ionization energy of the ethynyl- 
substituted PAH molecules is equal to that of 
the corresponding non-substituted species within 
the experimental error bars. This is in con- 
tra st to the lowe r ioniz ation potentials reported 
by Jochims et al. ( 1999h for methyl-, vinyl-, and 
phenyl-substituted PAH species with respect to 
the non-substituted molecules. They measured 


differences not smaller than 0.15 eV. 


In addition to ionization energies, the photo¬ 
electron spectra of Figure |T| reveal low-lying elec¬ 
tronic states of the cations. The peak at 8.07 eV 
in the spectrum of phenanthrene likely marks the 
origin of a transition to such a state. This ion¬ 
ization was measured at 8.10 eV bv iBoschi et al.l 
(11972 ) and semi-empirical calculations actually 
predicted the first excited doublet state of the 
cation to lie about 0.5 eV abov e its ground state 
( Khanl 19921 Parisel et al.1 Il992h . Since the pho¬ 
toelectron spectra of 9-ethynylphenanthrene and 
phenanthrene are essentially similar, we conclude 
that the cation of the derivative possesses an 
equivalent state. The spectrum measured with 
1 -ethynylpyrene clearly shows a feature with an 
origin at 8.3 eV, indicating that the cation has an 
electronic doublet state 0.9 eV above its ground 
state. The pyrene cation also exhibi ts su ch a low- 
lying electronic state ( Boschi fc Schmidtlll972ll . 


3.2. Appearance energies 

Breakdown graphs describe the fraction of all 
detected ions, parent and fragments, as a function 
of the energy of the incident photons. 

In Figure [21 the breakdown graph for the disso¬ 
ciative photoionization of phenanthrene (C 14 H 10 ) 
between 15 and 20 eV shows the appearance of 
three fragment ions revealing the loss by the 
parent ion of one H atom (C 14 H;)"), of two H 
atoms (C 14 H+), and of two C and two H atoms 
(C 12 H+). The same figure reports the break¬ 
down graph obtained in the experiment on 9- 
ethynylphenanthrene (CmHio), during which only 
the two fragment ions indicating the loss of one 
H atom (Ci 6 H+) and the loss of two H atoms 
(Ci 6 H+) were detected. 

The breakdown graphs derived from the mea¬ 
surements on pyrene (CmHio) and 1 -ethynylpyrene 
(CisHio) are displayed in Figured In either case, 
only the fragment ion corresponding to the loss 
of a single H atom was detected in the 15-20 eV 
interval. This is consistent with the breakdown 
graph in the recent PEPICO study of th e disso¬ 
ciative photoionization of pyrene by IWest et al. 

( 2014bh . In that study, the next fragment ion, 
which corresponds to the loss of two H atoms, ap¬ 
peared at ?«20 eV, the upper limit of the energy 
domain we have scanned. 
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The appearance energy E a of a fragment ion, 
i.e., the lowest photon energy for which it is ob¬ 
served, is an effective value since it depends on 
the sensitivity of the experiment. Indeed, a slower 
fragmentation rate requires a longer time interval 
to produce a number of fragment ions that is suf¬ 
ficient for a sensible counting. Thus the time scale 
of the measurement affects the determination of 
the appearance energy - an effect known as the 
kinetic shift - as illustr ated w ith TPIMS experi¬ 
ments (see, for instance, Lifshitzl 1991 ). With the 
photoionization of phenanthrene in a trap, the ap¬ 
pearance energy of the singly dehydrogenated ion 
was found to be 14.9 ± 0.1 eV when mea¬ 
sured 24jxsa|terionizafion and 14.0 ± 0.2 eV after 
5 ms ( Ling &; LifshitzJfl998h . Similarly, TPIMS ex¬ 
periments on pyrene yielded 16.2 ± 0.2 eV at 24 /xs 
and 15.2 ± 0.2 eV at 5 ms for the app earance en- 


ergy of the singly dehydrogenated ion (Ling et al 


1995)1. 


In our PEPICO spectroscopy experiment, the 
detected photofragmentations occurred within mi¬ 
croseconds, the time interval necessary for the ion¬ 
ized molecules to leave the acceleration zone. Fig¬ 
ures Q] and [5] are expanded views of the breakdown 
graphs showing the onset of H loss by the cations 
we have studied. Considering the microsecond 
time scale of our measurements, the appearance 
energies determined for phenanthrene and pyrene, 
respectively 15.4 ± 0.1 eV and 16.3 ± 0.1 eV, are 
consistent with those derived previously in TPIMS 
experiments and reminded above. Moreover, in 
the case of pyrene, the value is th e same as that 


reported by Jochims et al. 19941 1. i.e., 16.30 ± 


0.15 eV, showing that the two setups have equal 
sensitivities in terms of fragmentation rate. 

Comparing the dissociative photoionization of 
each ethynyl-substituted PAH molecule with the 
corresponding non-substituted species, the ap¬ 
pearance energies of the singly dehydrogenated 
ions stand out by their proximity, with a differ¬ 
ence of 0.5 eV for the phen anthrenes and 0.1 eV 
for the pyrenes. In contrast, Jochims et al. ( 19991 ) 
had observed in their experiments that the mini¬ 
mum photon energy causing the loss of a H atom 
by a photoionized PAH molecule was at least 
2 eV lower when the molecule carried a methyl, 
a vinyl, or a phenyl group. Prior to the l atter 
study, iGotkis fe Lifshitz (1993) and Gotkis et al. 

( 19931) had found in TPIMS experiments that the 


minimum photon energy for H atom loss upon 
photoionization was also at least 2 eV lower in 1- 
and 2-methylnaphthalene than in naphthalene, for 
any time scale. 


The different behaviors of the diverse PAH 
derivatives with respect to dissociation are ex¬ 
plained by the various deg rees of conjugation o f 
their 7r electronic system ( Jochims et al . 1999). 
Presently, the CC triple bond of an ethynyl side 
group yields a stronger conjugation of the 7r elec¬ 
tronic orbitals over the whole molecule in compar¬ 
ison with the CC double bond of a vinyl group, 
the aromatic ring of a phenyl group, and the satu¬ 
rated C atom of a methyl group. This is valid for 
the neutral species and the cations as well. As a 
result, ethynyl-substituted PAH molecules exhibit 
a strengthened structure. 


With regard to the origin of the H atom lost by 
the ethynyl-substituted PAH molecules upon pho¬ 
toionization, we propose that it is one of the H 
atoms attached to the aromatic rings rather than 
the H atom of the ethynyl side chain. This propo¬ 
sition is first suggested by the conjunction of simi¬ 
lar ionization energies and similar appearance en¬ 
ergies of the singly dehydrogenated ions for the 
regular and ethynyl-substituted PAH molecules. 
The proposition in also supported by the fact that 
the dissociation energy of a CH bond is lower 
for PAH mol ecules (469 ± 6 kJ mol -1 for naph¬ 


thalene; see iReed fe K ass 200 01) than for acety¬ 


lene (549 ± 4 kJ mol 1 , Ervin et al. 199fJ) or di - 


acetylene (539 ± 12 kJ mol -1 , Shi fc Erv in l2000l ). 
This difference holds for the cations (4.48 eV 
for the naphthalene cation and 5 .92 eV f or the 
acetylen e cati on; see, respectively, IHq et al . 1995:; 
van der Meii et aT1ll988l) . 


Interestingly, the fragmentation behavior of the 
present ethynyl-susbtituted PAH cations differs 
from that of ethynylbenzene (also called pheny- 
lacetylene). In an imaging PEPICO experiment, 
West et all ( 2014al ) did not found any H loss chan¬ 


nel while they measured the loss of a C 2 H 2 unit. 
Our observations of the dissociative photoioniza¬ 
tion of the ethynyl-susbtituted PAH species are 
opposite since the loss of a H atom is clearly de¬ 
tected while that of a C 2 H 2 unit is not. 


3.3. Photostability 


Jochims et al. 


( 1999 ) designed the photosta- 
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bility index R in the framework of the Rice- 
Ramsperger-Kassel theory for_unimolecular reac¬ 
tion ra tes ( RRK theory: [Rice fc R.amsnergeijll927 : 
Kassell 1928 ). The index was introduced to exam¬ 


ine the behavior of PAH derivatives with regard 
to fragmentation relative to that of the regular 
species. It compares K Cj __h, the critical internal 
energy for the loss of a H atom by a PAH cation, 
with E _h (lO 2 ), the internal energy causing the 
loss of a H atom by a regular PAH cation at the 
rate of 10 2 s _1 . While E Ct _h is derived from mea¬ 
surements, E —jj (10 2 ) is the result of a calculation 
using a model of the fragmentation of regular PAH 
cations. The rate of 10 2 s _1 represents the limit 
under which fragmentation is not efficient as it 
is slower than relaxation through emission of IR 
photons. Thus 


E c - H 
E- h(10 2 )' 


( 1 ) 


The value of E_h (lO 2 ) is computed using the 
RRK theory. The reaction rate for the loss of a H 
atom fc_H is then defined with 


k- h = v 



Ep,~ H 
E 


s — 1 


( 2 ) 


where E is the internal energy of the PAH ion, s 
is the number of its vibrational modes, -Eo.-h = 
2.8 eV is the average activation energy for the loss 
of a H atom by a PAH species, and v = 10 16 s _1 is 


a frequency factor ( Jochims et al ][7o9jl ) . It follows 
that E —h (fc- h)j the internal energy correspond¬ 
ing to this rate, is obtained with 


E- H (&_h) = 


En 


0,-H 


l-tt-H/qW—>' 


(3) 


The critical internal energy for fragmentation is 
derived from the experimental appearance energy 
of the singly dehydrogenated ion 2£ a ,-H, corrected 
for the kinetic shift A E, from which is subtracted 
the ionization energy E\. Moreover, the thermal 
contribution E t to the internal energy has to be 
taken into account. Thus 


-Ec,— h = E a ,-H — A E — E\ + E t . (4) 
The kinetic shift A E is evaluated according to 


A E = E_ h (10 4 ) - E_ h (10 2 ) , (5) 


i.e., the difference between the internal energy cor¬ 
responding to the slowest fragmentation rate that 
can be detected in our experiment and the inter¬ 
nal energy giving the slowest rate for a fragmenta¬ 
tion faster than a radiative deexcitation . We take 
the va lue 10 4 s _1 determined by I Jochims et al.l 


((1994 ) for the slowest fragmentation rate that can 
be detected because the appearance energy we 
have measured in the case of pyrene is the same 
as theirs. The computed kinetic shifts are given 
in Table [I] They are consistent with the results 
of the TPIMS experiments that showed a kinetic 
shift of «1 eV for dissociations measured at the 
microsecond time scale, taking the measurements 
at the mil lisecond time scale as references for inf i- 
nite time ( Ling et al. 19951 : UTiig fe Lifshitz 1998h . 

Like Jochims et al.l ( 1994h , we take the average 
internal thermal energy (E t ) to represent the ther¬ 
mal contribution E t to the internal energy. The 
internal thermal energy is assumed to be purely 
vibrational by nature. Consequently the average 
internal thermal energy can be computed from the 
vibrational partition function. Thus 


<£t> = £ 


hui 


i=l 


exp (hui/kT) — 1 


( 6 ) 


where h is Planck’s constant, u,; is the frequency 
of mode number i, k is Boltzmann’s constant, and 
T is the vibrational temperature. For the calcula¬ 
tion, we use scaled theoretical frequencies. The vi¬ 
brational modes of the neutral ethynyl derivatives 
were previously computed in an app lication of 
the density functional theory ( Rouille et alJl2012 ). 
Collective scaling factors for frequencies below and 
above 2000 cm -1 were derived to fit the theoret¬ 
ical harmonic frequencies to band positions ob¬ 
serv ed for the substanc es imbedded in Csl pel¬ 
lets ( Rouille et al ] 20121. We have calculated the 
vibrational modes of neutral phenanthrene and 
neutral pyrene at the same level of theory us- 


ing the same Gaussian 09 software ((Frisc h et al 


2009l l. Frequency scaling factors were derived for 


these two regular PAH molecules simultaneously 
using t he spectra me asured in argon matrix by 
iHudgins fc Sandford ( 1998 1 as references. The 
scaling factor is 0.979 for all frequencies except 
those of the CH stretching modes, for which it is 
0.964. 

The vibrational temperature of the molecules 
would be comprised between their translational 
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temperature and the temperature of the oven, the 
latter being given in Section [2] The translational 
temperature has been derived for each molecular 
species from its velocity along the molecular beam 
coordinates, which has been determined by ana¬ 
lyzing the ion image. Each translational temper¬ 
ature has been rounded to the tens of K because 
unknown factors such as the exact composition of 
the molecular beam give uncertainties that are of 
this order. Thus a temperature interval has been 
defined for each species using its translational tem¬ 
perature as the lower limit and the oven temper¬ 
ature as the upper one. All temperatures and the 
internal thermal energies derived from them are 
reported in Table [T] Table Q] also contains the re¬ 
sulting critical energies F C) _h and photostability 
indexes R. Although the translational tempera¬ 
ture differs largely from the oven temperature, the 
presently modest contribution of E t (or (E t )) to 
-E^-h results in a small dependence of R on T. 

The first result of this study is the consistency 
of the R values presently derived for phenanthrene 
and pyrene, (0.929-0.968) ± 0.017 and (1.057 
1.114) ± 0.015, resp ectively, with those given by 
Jochims et al.l (1199911 . 0.89 and 1.05, respectively. 
One may note that the latter values, the accuracy 
of which was not given, lie at the lower end of 
the intervals we have obtained through our anal¬ 
ysis. This may indicate that the vibrational tem¬ 
perature of the molecules in the helium beam is 
closer to their translational temperature than to 
the oven temperature. Nevertheless, the values 
are close to 1, which is the ideal index value for a 
regular PAH. The simplicity of the model used to 
determine h (A’-h) leads to the observed devia¬ 
tions. The second result is the similarity between 
the index values obtained for an ethynyl derivative 
and for the corresponding regular PAH molecule. 
From this similarity we conclude that the ethynyl 
derivatives exhibit the same photostability as the 
regular species. 


In H I regions, molecules may interact with pho¬ 
tons carrying a maximum energy of 13.6 eV. The 
stability of a neutral PAH molecule upon pho¬ 
toionization is evaluated by comparing the criti¬ 
cal energy for the loss of a H atom by a cation, 
.E Cj _h, with the maximum internal energy that 
can be tra nsferred to this catio n, E*, where E* = 
13.6 E\ ( Jochims et al. 199 9). As shown in Ta¬ 


ble [U F Cj _h is larger than E* for the four sub¬ 


stances we have studied. As a consequence, they 
would be photostable in H I regions. As seen 
at the beginning of the section, the stability in¬ 
dex used throughout relies on the H loss occur¬ 
ring within a hot ground state, after internal con¬ 
version. Non-statistical processes such as direct 
dissociation from an excited repulsive state might 
happen although previous works have favou red th e 
statistical path considered here (see Jochims et al.l 
1 19941 : lAllain et all 1 1996a : Le Page et al.1 2001 ). 


Figure [6] presents for comparison some of 
the photostab ility index values determined by 
Jochims et al ■ (1999) for various regular PAH 


molecules and derivatives along with those we 
have derived by considering that the internal ther¬ 
mal energy of the molecules reflected their transla¬ 
tional temperature. It also reports the F Ci _h —E* 
differences. The figure shows that the ethynyl 
derivatives of PAH molecules are as photostable as 
the corresponding regular species while the other 
derivatives are clearly less photostable and are ac¬ 
tually expected to fr agm ent upon photoionization 
in H I regions (IJochims et al.lll999l ). 


4. Discussion 


In a theoretical study. lAllain et ah (1996a) pro¬ 
posed a criterion for the survival of interstellar 
PAH molecules with respect to photofragmenta¬ 
tion. Defining the molecules by their carbon con¬ 
tent, the survival requires that the rate for the 
loss of a C 2 H 2 group be not faster than the rate 
for the addition of carbon atoms, either neutral 
or ionized. After computing and comparing the 
corresponding loss and addition rates for PAH 
molecules, they reached the conclusion that only 
those containing more than 50 C atoms survive 
in th e ISM. Of r e levance to the present work, 
after lAllain et al. ( 1996at) noted the production 
of ethynyl derivatives through the HACA mech¬ 
anism, hence their possible presence in the ISM, 
they computed the loss rate of a C 2 H 2 group for 
ethynyl-substituted PAH molecules. The values 
they reported did not indicate a substantial dif¬ 
ference with regular PAH species, which is consis¬ 
tent with our experimental breakdown graphs for 
phenanthrene and ethynylphenanthrene. These 
graphs would even suggest a faster rate for the 
loss of a C 2 H 2 group by non-substituted species 
since the corresponding fragment was not observed 
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for the ethynyl derivative. This single instance 
of comparison, however, may not be representa¬ 
tive. We can still stat e, taking the survival crite¬ 
rion defined bv lAllain et al. ( 1996a ). that ethynyl- 
substituted PAH molecules containing more than 
50 C atoms survive in the ISM as far as photofrag¬ 
mentation is concerned. 

Rather than defining the destruction of a PAH 
molecule by the loss of C atoms, one may regard 
the loss of a H atom by the PAH molecule as the 
decisive step toward further destruction. Indeed, 
the loss of a H atom is the unimolecular dissocia¬ 
tion me chani sm Jdiat r equire s the least internal 


energy ( .Tochims et al. 199flf ) and the dehydro¬ 
genation result s in the weakening of the molec- 


ng 

3b; 


1996b ; Jochims et al. 


ular structure (Allain et al. 

1999). Using Jochims et al.’s photostability in¬ 


dex R , which is built on the loss of a H atom, we 
have determined that 9-ethynylphenanthrene and 
1 -ethynylpyrene were as photostable as phenan- 
threne and pyrene, respectively. These four 
molecules were also found to be stable upon pho¬ 
toionization in H I regions, unlike every PAH 
molecule ca rrying a methy l, vinyl , or phenyl group 
studied by Jochims et al.l ( 1999h . Note that the 
same study reported the dihydrogenated PAH 
species as undergoing dissociative photoionization 
in H I regions, too, as shown in Figure [ 6 ] As 
mentioned in Section 13.21 the degree of conjuga¬ 
tion of the 7 r orbitals affects the stability of the 
molecular structures. Concerning dihydrogenated 
derivatives, the addition of H atoms lowers the 
conjugation by creating adjacent single CC bonds, 
weakening the structure. As a conclusion, by ex¬ 
amining the photostability of PAH molecules using 
R, we find that the ethynyl derivatives of regular 
PAH molecules that survive in the UV radiation 
field of H I regions would also survive in this envi- 
ron ment, i .e., in mos t of the ISM. In terms of size, 


Jochims et al.1 (11994 1 found that survival required 
of the regular PAH molecules that they contained 
at least 30 C atoms. While this limit was derived 
from observing the fragmentation of the cations, 
it also applies to the neutrals, as stated at the end 
of Section EPl The same requirement with respect 
to size can be extended to the ethynyl derivatives 
in view of their similar fragmentation pattern. 

As photostable interstellar molecules, ethynyl- 
substituted PAH species would survive long 
enough to react with other interstellar substances, 


e.g., C 2 H (see Introduction). In the EAM scheme, 
a PAH molecule would undergo a series of reac¬ 
tions with C 2 H leading to the formation of new 
aromatic cycles a nd, as a consequenc e , the growth 


quence 

of th e molecule dMebel et al.l l2008t I Jones et al 
20 inlf . As an experimental argument favorable 
to the EAM, it was found that C 2 H reacted 
with benzene (CeHg) in the gas phase in a bar¬ 
rierless mechanism that produces ethynylben- 
zene (phenylacetvlene, CnHf^H) plus a H atom 
( Goulav fe Leonel 20061 : Ijones et al.l 1 20 lit) . Note 


that C2H reacts also with acetylene (C2H2), giving 
diacetylene (C4H2) and a H atom. This process is 
also free of e nergy barrier at the entrance channel 
as shown by iLee et ah ( 2000h with another exper¬ 


iment in the gas phase. Thus C 2 H may react with 
ethynyl-substituted PAH molecules under inter¬ 
stellar conditions, at an aromatic cycle or at the 
side chain, as su ggest ed by the different paths de¬ 
scribed bv iMebel et al.l ( 2008 1 for the reaction of 


C 2 H with ethynylbenzene. 

The C 2 H radical, however, is not the only abun¬ 
dant interstellar species that may be involved in 
the growth of PAH molecules. Neutral atomic 
carbon (C I) is also abundant in the diffuse 


ISM 

Jenkins & TriDD 20111 

and in denser re- 

gions (see, for instance, Philli 

ps & Huggins 1981: 

Schilke et al. 1995; Stark et al. 

1996; Beuther et al. 

2014|). This induced Allain et al. (1996a) to view 


the addition of carbon atoms as the growth mech¬ 
anism that would compete effectively with the 
destruction of interstellar PAH molecules. They 
assumed that C atoms would react with PAH 
molecules under the conditions of the ISM and 
that the reactions would contribute to the growth 
of the molecules rather than to their destruc¬ 
tion. It has actually been demonstrated exper¬ 
imentally that C atoms react with benzene in 
a barrierless addition that gives a radical with 
a seven-membered ca rbon ring plus a H atom 


(Hah ndorf et al. 2002). Therefore barrierless re¬ 


actions between C atoms and PAH molecules can 
be considered. Such reactions, however, have yet 
to be studied in the laboratory. Finally, experi¬ 
ments have shown that C atoms react with C 2 H 2 
molecules wit hout energy barrier , where C + C?H? 


C 3 H + H (|Kaiser et al.l 1199 6: Chas taing et al 


2001 1). Thus it is worthwhile to examine whether 
carbon atoms react with ethynyl-substituted PAH 
species, either at the polycyclic aromatic moiety 
































































































or at the ethynyl side group. 

In addition to reactions involving C 2 H and 
C I, one could also think of a possible role 
of reactions with methylidyne (the CH radical, 
also carbyne) in the growth of PAH molecules. 
Methyl idyne is abundant i n the ISM (see, fo r in¬ 
stance, iDanks et al .11 1 98-ll iGerin et~akl 2010h and 


i s known to react at low temperatures with C ?H? 


(ICanosa et al.l Il997t iMaksvut enko et al.l 1201 lh as 
well as with anthracene ( Goulav et al.1 2006h . 


Thus several types of neutral-neutral reactions 
may participate to the chemical network that con¬ 
stitutes the growth process of PAH species in the 
ISM. When considering barrierless reactions only, 
the growth rate depends essentially on the fre¬ 
quency of collisions between the reactants, i.e., 
on the abundance of the latter and on the tem¬ 
perature of the environment. Any environment, 
however, has a limited lifetime even if it is of 
the order of 10' yr as in the ca se of molecular 


clouds (see, for instance, Lars on 119811 1. It has 


yet to be examined whether the abundance of the 
relevant atomic and molecular species in the di¬ 
verse interstellar environments allows the growth 
of PAH molecules within the lifetime of these en¬ 
vironments. Moreover, we have only considered 
neutral-neutral chemical reactions that may lead 
to the addition of C atoms to PAH molecules, thus 
contributing to their growth. The complete chem¬ 
istry of PAH species in the ISM, however, com¬ 
prises other mechanisms, e.g., ion-neutral reac¬ 
tions, electron attachment, double ionization, and 
multiphoton processes, which have been evaluated 


with various models ( 

Le Page et al. 2001, 2003: 

Montillaud et al. 2013) 

. In support to double ion- 


i zazio n, a recent experimental study bv IZhen et al 


(120151 ) concluded that, in the ISM, photoioniza¬ 
tion prevailed over fragmentation in PAH species 
containing about 50 C atoms and more, leading to 
the formation of doubly and even triply charged 
cations. As a consequence, these large species 
were found to be photostable in interstellar condi- 
tio ns, in agreement with previous theoretical st ud- 
ies ( Allain et al. 1996al: Montillaud et al.l 2013 ). 


Beside their place in the life cycle of inter¬ 
stellar PAH molecules, ethynyl derivatives are in¬ 
teresting for their spectroscopic properties that 
suggest a link with the still unidentified carriers 
of the di ffuse int erste llar bands (DIBs; see, for 
instance, iHerbid 11995 1. In previous works, we 


measured the UV/vis absorption bands of C 2 H- 
and C 4 H-substituted species isolated in Ne matri¬ 
ces. The spectra led us to propose photostable 
substituted PAH molecules, or similar species, 
as valid candidates for th e carriers of the DIBs 
( Rouille et al. 2012 . 2013 ). It was indeed ob¬ 


served that the addition of an acetylenic side 
chain to a regular PAH lowers the peak inten¬ 
sity and broadens the profile of the strong absorp¬ 
tion bands that these species typically show at UV 
wavelengt hs (the d-bands), where DIBs are not 
observed ( Clayton et al. 2003; Gredel et al. 2011 


ISalama et al. 2011 : Bhatt fc Camill2015l ). Gonse- 
quently regular PAH molecules have become less 
plausible as potential DIB carriers. Nonetheless, 
they may contribute with other PAH species to the 
galactic extinction curve as a rich mixture of PAH 
substances gives a smooth absorption spectrum 
( Steglich et al. 20 111 12012 ). The population of a 
DIB carrier would be larger than that of any other 
PAH substance due to a favorable photoselective 
mechanism. The present measurements on the dis¬ 
sociative photoionization of ethynyl-substituted 
PAH molecules reveal that such species can sur¬ 
vive in the UV radiation field of H I regions until 
they react with another substance. As the time 
interval between the formation and the chemical 
destruction of the molecules would be long enough 
to allow them to absorb photons and relax numer¬ 
ous times, the molecules would leave their mark 
in the absorption spectrum of the ISM. The cor¬ 
responding bands would peak out of the galactic 
extinction curve provided that large enough popu¬ 
lations were formed. Thus the present experimen¬ 
tal results give support to our proposal. 


5. Conclusions 

The study of the dissociative photoionization of 
two ethynyl-substituted PAH species has yielded 
their photoionization energy and the appearance 
energy of some photofragments. While the adia¬ 
batic ionization energies are not affected by the 
addition of the ethynyl chain, the appearance en¬ 
ergies for the H-loss channel are slightly increased 
in the ethynyl derivatives, especially in the case of 
phenanthrene where an inhibition of the C 2 H 2 -I 0 SS 
channel is also seen. 

We have determined the photostability index R 
of each ethynyl derivative and found that it is sim- 
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ilar to the value derived for the corresponding non- 
substituted PAH molecule. Thus these derivatives 
are as photostable as the regular PAH species. 
Consistently, having found through the determina¬ 
tion of E Cj _h — E* that the regular PAH molecules 
phenanthrene and pyrene are stable upon pho¬ 
toionization by the photons typical of H I regions, 
we have found that their ethynyl derivatives would 
also survive this process. 


Our measurements on phenanthrene and its 
ethynyl derivative suggest that the presence of the 
side chain does not increase the unimolecular re¬ 
action rate for the loss of a C 2 H 2 unit. This 
supports the theoretical results of Allain et al 


([1996aT ) who did not found a significant variation 
of this rate when examining ethynyl-substituted 
and non-substituted PAH species. 


Thus ethynyl-substituted PAH molecules ap¬ 
pear to be as photostable as the non-substituted 
species whether one co nsiders the photost abil- 
ity index R defined by Jochims et al.l (Il999 ) or 


the su rvival criterion proposed by lAllain et al 
( 1996al) . Size matters for survival, however. As 
a consequence, a conservative conclusion is that 
ethynyl-substituted PAH molecules containing at 
least 50 C atoms would survive the interstellar UV 
radiation field. Whether they are injected into the 
ISM or formed there, the molecules would grow 
through EAM at a rate that depends on the abun¬ 
dance of C 2 H. Reactions with C I and CH may 
also play a role in the growth of the PAH species 
and ought to be studied experimentally. We have 
mentioned neutral-neutral reactions because ex¬ 
perimental results are reported in the literature, 
yet processes involving reactions at low tempera¬ 
ture between neutral PAH molecules and ions such 
as the abundant C II should be investigated as 
well. 


Finally, the present results support our pro¬ 
posal that DIB carriers could be PAH molecules 
whose photostability is enhanced by the presence 
of side groups. 
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Fig. 1.— Photoelectron spectra measured with 
photons of 9 eV in energy. The vertical dot¬ 
ted lines indicate the adiabatic ionization ener¬ 
gies. The error bars are obtained assuming a Pois¬ 
son distribution on the image pixel intensities and 
then propagating the incertitudes across all alge¬ 
bra operations involving the Abel inversion. 
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Fig. 2.— Breakdown graphs of the disso¬ 
ciative photoionization of phenantlirene and 9- 
ethynylplienanthrene. The error bars result from 
a Poisson distribution on the integrated ion signal 
and standard-error propagation formulae. 
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Fig. 3.- Breakdown graphs of the dissociative 
photoionization of pyrene and 1-ethynylpyrene. 
The error bars are described in the caption of Fig¬ 
ure [2] 
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Fig. 4.— Onset of H loss by the phenanthrene and 
9-ethynylplienanthrene cations. The error bars are 
described in the caption of Figure [2] The hori¬ 
zontal dotted lines frame the background signal, 
which is centered at the mean value of the points 
in the interval defined with the horizontal bar and 
extends on both side by one sample standard devi¬ 
ation. The arrow indicates the first of two consec¬ 
utive points for which the signal and its error bar 
are above the background, the energy correspond¬ 
ing to this point being taken as the appearance 
energy of the fragment ion. The thick gray line 
represents a centered five-point moving average of 
the measurements. 
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Fig. 5.- Onset of H loss by the pyrene and 1- 
ethynylpyrene cations. The error bars are de¬ 
scribed in the caption of Figure[2] The other items 
are defined in the caption of Figure |U 
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Fig. 6.— Comparison of the R values (left) and 
of the F1 c,-h — E* differences (right) for several 
PAH molecules. The vertical dotted line in the 
right panel indicates the limit above which PAH 
molecules are stable in the UV radiation field of 
H I regions. 
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Table 1 

Photostability Index of PAH Molecules and Related Parameters 


Species 

Ei 

(eV) 

E* 

(eV) 

£a,-H 

(eV) 

A E 
(eV) 

(K) 

(Et) 

(eV) 

E c ,-h 

(eV) 

R 

phenanthrene 

7.88 ± 0.02 

5.72 

15.4 ± 0.1 

0.925 

190 

0.060 

6.655 ± 0.120 

0.929 ± 0.017 






383 

0.340 

6.935 ± 0.120 

0.968 ± 0.017 

9-ethynylphenanthrene 

7.84 ± 0.02 

5.76 

15.9 ± 0.1 

1.013 

320 

0.290 

7.337 ± 0.120 

0.956 ± 0.016 






413 

0.513 

7.560 ± 0.120 

0.985 ± 0.016 

pyrene 

7.415 ± 0.010 b 

6.185 

16.3 ± 0.1 

1.013 

320 

0.241 

8.112 ± 0.110 

1.057 ± 0.015 






493 

0.672 

8.544 ± 0.110 

1.114 ± 0.015 

1-ethynylpyrene 

7.41 ± 0.02 

6.19 

16.4 ± 0.1 

1.101 

190 

0.089 

7.978 ± 0.120 

0.975 ± 0.015 






403 

0.525 

8.414 ± 0.120 

1.028 ± 0.015 


Note.— E\: ionization energy; E* = 13.6 — Ei % . maximum internal energy of the parent cation in H I regions; £? a ,— H : 
appearance energy of the singly dehydrogenated fragment ion; A E: kinetic shift; T: vibrational temperature; ( Et ): average 
thermal energy; E Cj -u'- critical energy for the loss of a H atom by the parent cation; and R: photostability index. 

a Two values are given for each species: the translational temperature and the oven temperature, which are respectively 
considered as the lowest and highest values possibly taken by the vibrational temperature. 

H Mayer et al.| d2011f) . 
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